Analysis of single-cell gene expression data and genome assemblies of five diverse metazoan species shows a tight link between conserved gene order and its relationship with cell type-specific gene expression.
T he diversity of body plans and morphological complexity in the animal kingdom is remarkable. While evolutionary biologists tend to agree that the five extant animal lineages -bilaterians, cnidarians, ctenophores, placozoans and poriferans -diverged approximately 650 million years ago 1 , the branching order of these lineages and the nature of body plans, cell types, gene content, genome organization and regulatory mechanisms in the ancestors at every branching point continue to be hotly debated 2 . Writing in Nature Ecology & Evolution, Zimmermann and colleagues 3 show that in the modern representatives of the five ancient animal lineages, gene order and its relationship with cell type-specific gene expression are tightly linked, possibly reflecting the ancestral condition (Fig. 1) .
Zimmermann et al. analyse recently published single-cell gene expression data [4] [5] [6] , alongside genome assemblies, of five species with extremely diverse body plans and multiple levels of morphological complexity: (1) the sponge Amphimedon queenslandica, a benthic filter feeder without any overt axes of symmetry that shows seven major cell types; (2) the placozoan Trichoplax adhaerens, the simplest free-living animal, an algal grazer with a tiny, bilayered flat body composed of five major cell types; (3) the ctenophore Mnemiopsis leidyi, a voracious predator with a nervous system, smooth and striated muscle, and gut in addition to ctenophore-specific photocytes and locomotory comb rows; (4) the starlet sea anemone Nematostella vectensis, a cnidarian with similar morphological complexity to Mnemiopsis, including a nerve net, muscle cells, digestive filaments and cnidarian-specific stinging cells; and (5) the planarian Schmidtea mediterranea, with a typical bilaterian body plan with two axes of symmetry and the richest repertoire of cell types among the analysed species.
Establishing cell type homology between non-bilaterian animal phyla is not straightforward, even when morphologically similar cells are performing similar functions. For example, while homology of cnidarian and bilaterian neurons and muscle cells is not questioned, a recently proposed basally branching position of ctenophores resulted in a suggestion that ctenophores evolved these cell types independently 7, 8 . In the past few decades, evolutionary developmental biologists attempted to elucidate relationships between animal cell types by comparing expression patterns of homologous genes. These studies initially involved a handful of conserved developmental regulatory genes, expression of which indicated pan-bilaterian (and later bilaterian-cnidarian) homologies. The recent emergence of powerful singlecell sequencing technologies fuelled new attempts to resolve the more difficult cases. However, these studies confirmed only the least questionable relationships, such as homology of muscle, progenitor/germline cells and neurons between cnidarians and bilaterians 5 . It thus seems that expression of neither a small number of developmental regulatory genes nor all genes for which orthologues can be found across phyla carries enough signal to elucidate the most challenging evolutionary relationships between animal cell types.
Zimmermann et al. take a novel approach to select potentially informative genes, hypothesizing that those with tight genome proximity (clustering) conserved in at least two phyla can potentially inform about cell homology across taxa. Such microsynteny can be maintained by two different mechanisms. In a first mechanism, enhancers driving cell type expression of a developmental regulatory target gene are positioned within an intron of a 'bystander gene' , which itself is not regulated by the regulatory element it harbours. These 'gene regulatory blocks' , have originally been found within vertebrates 9 and insects 10 . In the second mechanism, shared regulatory elements result in coordinated transcription of two, often adjacent, genes. Both mechanisms are involved in conservation of microsynteny across phyla, as evidenced by identification of approximately 100 gene regulatory blocks and 500 co-expressed pairs of genes across genomes of diverse metazoans 11 .
Rather than looking at simple gene pairs, Zimmermann et al. focused on conserved blocks of three or more orthologous genes and identified 270 such clusters. As predicted, genes with conserved microsynteny demonstrated higher correlation of expression than genes for which genome co-localization is not evolutionarily conserved. Moreover, expression of these clusters is sufficient to correctly separate cells into cell types within each species. Encouraged by this, the authors attempt to shed light on potential homologies of cell types between sponges, placozoans and cnidarians by analysing expression of 32 loci conserved between the sponge Amphimedon, the placozoan Trichoplax and the sea anemone Nematostella. Intriguingly, expression of many of these clusters is high in choanocytes (cells in the inner epithelium of sponges that are responsible for water movement, food capture and digestion), peptidergic cells of unknown function found in placozoans and digestive filaments found in the sea anemone. It would be tempting to speculate that this result reflects an evolutionary relationship between these three cell types, especially because choanocytes and digestive filaments are involved in food capture and/or digestion. However, the authors are careful with their interpretation, pointing out that this link might instead reflect differential evolutionary rates or differentiation states of the cells. It is worth noting that the three cell types are enriched for expression of younger (metazoan rather than eukaryotic) genes 5, 6 . While the evolutionary relationships between cell types among deeply branching metazoans remain elusive, Zimmermann and colleagues' work suggests that the ancient microsyntenic loci might help resolve them. The challenges combine technical issues, such as 'noisy' single-cell transcriptomes and fragmented genome assemblies, as well as the biological reality of gene loss in many metazoan lineages. Both can be overcome by improvement of sequencing technologies to allow capture of transcripts with low expression, and increasing the number of high-quality assemblies for diverse animal genomes. We appear to be tantalizingly close to revealing the portrait gallery of our distant ancestors. 
